Human immunodeficiency virus type 1 (HIV-1) carries a variety of host proteins in addition to virus-encoded structural proteins, both in its envelope and inside the viral particle. Previous studies have reported that the HIV-1 life-cycle is affected by such virus-associated host cell surface proteins. The nucleoside triphosphate diphosphohydrolase-1 (NTPDase1), also known as CD39, is a plasma membrane-bound ectoenzyme that hydrolyzes extracellular ATP and ADP to AMP. It has been shown that CD39 inhibits platelet function, and is thus a critical thromboregulatory molecule. We demonstrate here that host-derived CD39 is acquired by both laboratory-adapted and clinical variants of HIV-1 produced in cellular reservoirs of the virus. Moreover, purified CD39-bearing virions, but not isogenic viruses lacking CD39, display strong ATPase and ADPase activities. It is of particular interest that virions bearing this cellular enzyme can inhibit ADP-induced platelet aggregation, an effect blocked by an NTPDase inhibitor. On the basis of published and the present data on the functionality of human cellular proteins embedded within HIV-1, it can be proposed that these proteins might contribute to some of the immunologic deficiencies seen in infected individuals.
Introduction
Human immunodeficiency virus type 1 (HIV-1) incorporates a variety of host proteins during its formation. [1] [2] [3] Because this enveloped virus is released by budding through cell membranes, a vast array of cell surface components, including major histocompatibility complex class I and II, [4] [5] [6] [7] adhesion molecules, 8, 9 complement regulatory proteins, 10 and costimulatory molecules, 11, 12 have been found inserted in mature virions. In addition, intracellular proteins are incorporated within HIV-1 particles. These include actin cytoskeletal proteins, 13 cyclophilin A, 14, 15 ubiquitin, 16 chromatin proteins, 17 as well as signaling molecules such as ERK2 mitogen-activated protein kinase, 18, 19 and cAMPdependent protein kinase A. 20 Although the precise involvement of these cellular constituents in HIV-1 pathogenesis is still unclear, a number of hostencoded proteins have been shown to affect the viral life-cycle. For example, the adhesion molecule ICAM-1 and the costimulatory molecules CD28, CD80 and CD86 enhance HIV-1 infectivity by facilitating virus binding and entry into target cells that express their cognate ligands. 8, 9, 11, 12, 21, 22 Other factors of host origin have been demonstrated to play a pivotal role in HIV-1 replication. For example, the presence of an active catalytic subunit of cAMPdependent protein kinase A within HIV-1 is required for viral infectivity, possibly because of its ability to catalyze phosphorylation of the viral p24 capsid protein. 20 Hence, analyses aimed at assessing the function of host-encoded molecules that are found inserted within nascent viruses are needed to define whether this phenomenon might eventually affect disease progression.
Nucleoside triphosphate diphosphohydrolase-1 (NTPDase1; EC 3.6.1.5) is a plasma membrane enzyme that hydrolyses extracellular ATP and ADP to AMP in the presence of divalent cations (usually Ca 2+ or Mg 2+ ). 23, 24 This ectoenzyme, described also as vascular ATP diphosphohydrolase, ATPDase, ecto-apyrase, ecto-ATPase, ecto-ADPase and nucleotide phosphohydrolase, was shown to be identical with the previously described B-cell activation marker CD39. [25] [26] [27] It is noteworthy that this enzyme was first identified in zymogen granules of the exocrine pancreas, a membrane involved in exocytosis, a classical fusion process. 28 CD39 is a highly glycosylated, integral membrane acidic protein of 70-100 kDa that carries two transmembrane regions and six putative N-glycosylation sites. 29, 30 Its large extracellular domain contains the active site, and it has been well established that CD39 exerts its activity on the outer face of the plasma membrane and is not active intracellularly. Moreover, its N-glycosylation state seems essential for its surface localization and enzymatic activity. 31 The two transmembrane domains are also critical for its activity through dynamic motions enabling crosstalk with the active site. 32 Furthermore, the enzyme was shown to undergo palmitoylation at the N-terminal cytoplasmic domain, a modification that targets it to caveolae. 33, 34 The CD39 molecule is expressed in quiescent endothelial cells, activated B cells, natural killer (NK) cells and subsets of T cells, as well as in macrophages and dendritic cells. [35] [36] [37] [38] [39] [40] [41] [42] [43] Initially described as a modulator of homotypic adhesion in B cells, 42, 44 CD39 is now recognized as the dominant vascular NTPDase and a critical thromboregulatory molecule. 25, 27, 45 It is actually the major ectonucleotidase responsible for the hydrolysis of nucleotides in the blood. 25, 46 CD39 converts ATP and ADP into AMP following their activation-induced release from, for example, platelet-storage granules. The latter product is in turn hydrolysed to adenosine by the ecto-5′-nucleotidase CD73. 47 While the substrates of CD39 induce proinflammatory effets, control the vascular tone and trigger platelet recruitment and activation, adenosine exhibits also anti-thrombotic and antiinflammatory properties. Thus, through modulation of extracellular concentrations of ATP, ADP and adenosine, CD39 is involved in the maintenance of blood fluidity and flow. It has been documented clearly that CD39 modulates platelet aggregation both in vitro and in vivo. 25, 27, 45, 48, 49 In vivo experiments with cd39 −/− mice, transgenic mice and overexpression of the enzyme by an adenovirus vector have confirmed the key thromboregulatory function of this enzyme. 45, [50] [51] [52] [53] [54] Another putative role of CD39 is related to its ability to induce homotypic adhesion of B lymphocytes by mechanisms both dependent and independent of leukocyte function antigen-1 (LFA-1). 42, 44 CD39 is expressed in physiologic cellular reservoirs of HIV-1 such as CD4 + T lymphocytes, macrophages and dendritic cells. 40, 42, 55 Moreover, a recent study has reported an enhanced CD39 expression and NTPDase activity in lymphocytes isolated from HIV-1-infected patients. 56 These observations prompted us to explore the possible incorporation of this enzyme in newly formed virions. Our results show that laboratory-adapted and clinical isolates of HIV-1 incorporate host-derived CD39 in their envelope where it maintains its natural functions. Altogether, these observations suggest that cellular enzymes, such as the NTPDase1/CD39, can remain functional when inserted within nascent HIV-1 and potentially modulate the course of the disease.
Results
Host-derived CD39 is incorporated within newly-formed HIV-1 particles
We used our previously described transient transfection-and-expression system to determine whether CD39 is acquired by mature HIV-1 particles. 8, 9 To this end, we transiently cotransfected 293T cells with an infectious molecular clone of HIV-1 (pNL4-3) and a mammalian expression vector coding for the human CD39 protein (pCDNA3-CD39). Flow cytometric studies indicated that cotransfection resulted in expression of CD39 in 293T cells, which do not constitutively express this cell surface constituent (data not shown). Virions produced in such CD39-expressing 293T cells are captured by magnetic beads coated with an anti-CD39 antibody but not with an isotype-matched irrelevant control antibody (Figure 1(a) ), suggesting an acquisition of host CD39 by HIV-1. To confirm that the CD39 molecule was associated with virus particles, CD39-positive virions were separated from contaminating microvesicles using an Optiprep velocity gradient centrifugation (Figure 1(b) ). Data from a capture assay indicate that such purified HIV-1 particles carry host-derived CD39 molecules (Figure 1(c) ). These data demonstrate that this ectoenzyme is incorporated into HIV-1 particles produced in CD39-expressing cells.
CD39 palmitoylation is not required for its incorporation within HIV-1 CD39 undergoes palmitoylation at its N-terminal region, and this modification directs the enzyme to specialized forms of lipid rafts called caveolae. 34 Since both lipid rafts and the myristoylation of Gag precursor proteins are critical for HIV-1 membrane targeting and assembly, which result in the release of viruses from lipid rafts, 57, 58 it was tempting to speculate that CD39 is incorporated simply because of its physical presence in the membrane microdomains where virus budding is occurring. To assess the putative involvement of the post-translational modification in CD39 incorporation within HIV-1, we used a truncated form of the enzyme lacking the N-terminal intracytoplasmic region, i.e. CD39Δ1-37. This mutant is not subject to palmitoylation and appears to be absent from the plasmalemmal microdomains where the wild type enzyme is concentrated. 34 Cotransfection of a wild-type or truncated CD39 expression vector along with pNL4-3 resulted in a high level of expression of membrane CD39 in 293T cells (data not shown). Moreover, virions produced upon transfection with both CD39 vectors were captured with a similar efficiency (Figure 2(a) ). These data demonstrate that palmitoylation is not required for CD39 incorporation in HIV-1 particles. Interestingly, results from confocal microscopy revealed that both wild-type and mutant forms of CD39 partially colocalize with lipid rafts (Figure 2 (b)). Therefore, it is not surprising to find that both forms of CD39 are concentrated in regions where HIV-1 proteins are located ( Figure 2 (c)).
Virion-associated CD39 possesses ADPase and ATPase activities
We assessed whether CD39 is still enzymatically active once found embedded within the virus envelope. Isogenic viruses differing only by the absence or the presence of host CD39 were produced in 293T cells and purified to remove the phosphate that could interfere with the enzymatic assay. A high level of enzymatic activity was observed with CD39bearing viruses when using both ATP and ADP as substrates, whereas no such activity was detected in virions lacking CD39 (Figure 3 (a)). A control consisting of the supernatant from CD39-expressing 293T cells subjected to the purification procedures used for viral stocks (called mock/CD39) was devoid of any activity, indicating that the activity associated with NL4-3 particles bearing host CD39 was not due to contaminating microvesicles or membrane debris. A dose-dependent augmentation in ADPase and ATPase activities was detected when cell extracts from CD39-expressing 293T cells (used as a positive control) and increasing concentrations of CD39-bearing viruses were tested (Figure 3(b) ). The complete suppression of activity induced by the NTPDase inhibitor BG0 136 confirmed that the enzyme exerting the observed virion-associated NTPDase activity is indeed CD39. Moreover, the observed enzymatic activity was correlated to the amount of CD39 protein detected by Western blotting in both virus and cell extracts (Figure 3 (c)). Taken together, these data demonstrate that CD39, once inserted within HIV-1 envelope, displays an NTPDase activity that is similar to that of its cellular counterpart.
CD39-bearing HIV-1 particles inhibit ADP-induced platelet aggregation
Extracellular ADP interacts with purinergic type 2 (P2) receptors, and is a potent agonist for platelet recruitment, adhesion and aggregation. CD39, by converting ADP to AMP, which is further degraded to the anti-thrombotic and anti-inflammatory mediator adenosine, is a powerful inhibitor of platelet aggregation, hence a critical thromboregulatory molecule. We therefore investigated whether CD39-bearing viruses might display such an antithrombotic activity. In vitro ADP-induced platelet aggregation in platelet-rich plasma was inhibited by CD39 protein extracts in a dose-dependent fashion, whereas control extracts from mock-transfected 293T cells had no such effect (Figure 4(a) ). Under similar experimental conditions, CD39-bearing virions, but not isogenic viruses lacking CD39, inhibited ADP-induced platelet aggregation ( Figure  4(b) ). It should be noted that there was no difference in the ability of viruses lacking or bearing hostderived CD39 to bind platelets as monitored by binding assays (data not shown). To make sure that this inhibition of aggregation was a consequence of the breakdown of ADP by CD39, the NTPDase inhibitor BG0 136 was used. In the presence of BG0 136, virions bearing CD39 were no longer able to inhibit ADP-induced platelet aggregation ( Figure  4 (c)). Moreover, when a 50-fold excess of ADP was used to trigger aggregation, no inhibition could be achieved when using CD39-bearing viruses (data not shown), confirming that the ADPase activity of Figure 2 . CD39 palmitoylation is not required for its incorporation in HIV-1. (a) Isogenic viral particles were produced in 293T cells by cotransfection of pNL4-3 and an expression vector coding for either wild type or N-truncated CD39 (CD39Δ1-37). A similar amount of each viral preparation was subjected to a viral capture assay using magnetic beads coated with an anti-CD39 antibody or an isotype-matched irrelevant control antibody (IgG1). The amount of captured virus was estimated by measuring the p24 content. The results shown are the mean ± standard deviation of triplicate samples and are representative of two separate experiments. (b) Cells were transfected with wild-type CD39 or CD39Δ1-37 vector and stained with FITC-conjugated cholera toxin B (CTB) and anti-CD39 to visualize lipid rafts and CD39, respectively. (c) Cells were cotransfected with pNL4-3 and wild-type CD39 or CD39Δ1-37 vector before staining with human anti-HIV-1 and anti-CD39. Cells were imaged with a scanning confocal microscope. The images shown represent the middle stack slice. CD39 is responsible for the observed anti-thrombotic activity. Similar observations were made when testing R5-tropic NL4.3-balenv viruses (data not shown), suggesting that this phenomenon is not specific to a given HIV-1 strain and is not influenced by the co-receptor usage.
CD39 is present and active in clinical isolates of HIV-1 expanded in natural cellular reservoirs The data described above were obtained with isogenic viral particles that differ only by the absence or the presence of CD39 in their envelope. Although these viruses are very useful tools for specifically analyzing incorporation and functionality of a given host cell membrane component, they do not adequately represent the complexity of in vivo conditions where several host-derived molecules are found associated with emerging viruses. To determine if the previous findings hold true for viruses produced in more natural cellular reservoirs, we analyzed the insertion and activity of CD39 in clinical variants of HIV-1 amplified in primary human cells.
Two field isolates of HIV-1, i.e. 92HT599 (X4tropic) and 92US657 (R5-tropic), were used to infect ex vivo expanded peripheral blood mononuclear cells (PBMCs) and human lymphoid tissue histocultures. Virus-associated CD39 was detected in each virus preparation tested at levels similar to those observed in viruses produced in CD39-transfected cells ( Figure 5 ). Viral preparations displaying high levels of CD39 incorporation were chosen for further analyses. An NTPDase assay performed with 92HT599 and 92US657 clinical isolates expanded in lymphoid tissue revealed the presence of a high level of enzymatic activity associated with both viral preparations ( Figure 6(a) ). The strong inhibition of the enzymatic reaction observed in the presence of the BG0 136 inhibitor suggests that the incorporated CD39 is responsible for this activity. We next determined if these viral particles could display anti-thrombotic potential. When added to an ADP-triggered platelet aggrega- This inhibition was reduced strongly in the presence of BG0 136, indicating that CD39 is involved in the observed effect ( Figure 6(b) , lower panel). Furthermore, similarly treated supernatants from mock-infected tonsils did not display any significant inhibitory activity. These data indicate that viruses expanded in natural reservoirs can incorporate CD39 molecules that retain their enzymatic and biological functions.
Discussion
HIV-1 and other enveloped viruses incorporate a vast array of host proteins in addition to their own structural proteins. Although the implication of such virus-anchored host constituents in viral pathogen-esis remains ill defined, it is clear that some of these host cell components have various impacts on HIV-1 life-cycle and virus susceptibility to immune defence. Previous studies have indicated that the inserted host molecules include membrane proteins such as adhesion and costimulatory molecules as well as cytosolic proteins such as cytoskeletal proteins, molecular chaperones, protein kinases and chromatin proteins. Here, we demonstrate the acquisition of the ectoenzyme NTPDase1 or CD39 by HIV-1 and provide evidence that this host cell surface molecule remains enzymatically and biologically active.
The mechanism governing CD39 incorporation into HIV-1 is still unclear. CD39 undergoes palmitoylation at its N-terminal region and this modification directs the enzyme to specialized forms of lipid rafts called caveolae. Our data showing incorporation of a truncated form of CD39 lacking the palmitoylation site indicate that this region is not necessary to lead to acquisition of CD39 by emerging virions. However, although palmitoylation was shown to be crucial for CD39 localization in caveolae, 34 it seems to be unnecessary for its localization in lipid rafts. Because HIV-1 particles are known to be released from specialized glycolipid-enriched microdomains commonly called lipid rafts, 57, 58 our observations support the hypothesis that CD39 is incorporated probably because of its physical presence in the membrane microdomains where virus budding is taking place.
CD39 was found to be incorporated within HIV-1 clinical isolates expanded in both PBMCs and human lymphoid tissue cultured ex vivo. However, whether such CD39-bearing virions originate from CD4 + T lymphocytes or macrophages remains unclear, as this ectoenzyme is expressed in both cell types. 42 Previous studies indicate that only 2-3% of T cells express CD39, 43 but this percentage increases sharply following T cell activation. 42 The CD4-expressing T cells present in both PHA-activated PBMCs and tonsil histocultures are mostly in an activated state, suggesting that CD39-bearing viruses are probably originating from this cell type. Moreover, it has been proposed that an intracellular virus budding process is taking place in macrophages. Since intracellular CD39 has no enzymatic activity, 31 it is unlikely that clinical isolates bearing host-derived active CD39 molecules are produced by macrophages. To confirm this hypothesis, the presence of other cell type-specific host cell membrane components found embedded within CD39-bearing virions could be assessed. For example, CD26 and CD36 have been used to differentiate virions produced by lymphocytes from those originating from macrophages. 59 We have observed that in PBMCs, the extent of CD39 Virus preparations were concentrated and purified from cell-free culture supernatants harvested at seven days, ten days and 13 days post infection. A similar amount of each virus stock, standardized in terms of p24 (i.e. 2 ng of p24), was subjected to the virus capture test using streptavidin-coated beads tagged with biotinylated anti-CD39 or isotypematched irrelevant (IgG 1 ) antibodies. The amounts of precipitated viruses were estimated with an ELISA specific for the major core viral p24 protein. The data shown are the mean ± standard deviation of triplicate samples.
incorporation in viral particles is dependent on lymphocyte activation level (data not shown), which is in line with the pattern of CD39 expression in such cells. 42 In fact, CD39 can be considered as a marker of lymphocyte activation. Hence, conditions of inflammation or immune hyperactivation, such as in the presence of co-infections, could result in an increased incorporation of CD39 in emerging virions. Interestingly, a previous study has demonstrated that a marked increase in HLA-DR-bearing virions is seen in plasma from HIV-1-infected patients experiencing an active tuberculosis compared to patients with no opportunistic infection, and this phenomenon was due to an increase in systemic immune activation. 60 It is of interest to note that an enhanced expression of CD39 in lymphocytes originating from HIV-1-positive patients has been reported, 56 suggesting that this molecule might be incorporated within HIV-1 under in vivo situations.
We provide evidence that CD39, once embedded in HIV-1, possesses an enzymatic activity that is indiscernible from that seen in the cellular membrane when using both enzymatic and functional assays. Virus-associated CD39 is able to hydrolyze ATP and ADP, and can efficiently inhibit ADPinduced platelet aggregation. The enzymatic activity of CD39 is thought to be controlled by its oligomerization state, being active as a homomultimer. 61 Thus, our observations suggest that the natural conformation of CD39 is retained once this enzyme is inserted within the virus envelope.
Other host proteins found embedded within viruses that possess an enzymatic activity are mostly intracellular molecules such as kinases. For example, the mitogen-activated protein kinase ERK-2 is strongly associated with retroviral particles and can phosphorylate cellular and viral substrates. 18 Moreover, the phosphorylation of p6 gag by ERK-2 appears to be involved in the HIV-1 budding process. 19 The catalytic subunit of cAMP-dependent protein kinase A was also shown to be packaged and to remain enzymatically active within mature HIV-1 particles. 20 This virus-associated protein kinase is thought to regulate virus infectivity by catalyzing phosphorylation of the viral capsid p24 protein. 20 Very few active ectoenzymes have been identified within the HIV-1 envelope. The complement control proteins CD55 and CD59 are incorporated into HIV-1 particles and have been shown to be active in complement breakdown. 15, 62, 63 Dipeptidyl peptidase IV (CD26) has been found incorporated in lymphocyte-derived HIV-1 particles; however, the enzymatic activity of this molecule once embedded in virions has not been demonstrated. 59 To the best of our knowledge, CD39 is the first nucleoside hydrolase found incorporated within HIV-1.
A number of virus-associated membrane and cytosolic host proteins have been demonstrated to influence the life-cycle of HIV-1. No such role was found for CD39, since we could not detect any difference in terms of virus binding and infectivity when comparing isogenic viruses either lacking or bearing CD39, at least under the experimental conditions tested (data not shown). However, it is well known that various cell types release ATP into the extracellular medium in response to activating stimuli, and this extracellular ATP profoundly affects several cellular functions through its interaction with the P2 purinergic receptors. 64 It is therefore tempting to speculate that the virus-associated host CD39 might affect indirectly HIV-1 replication due to its well-known ability to hydrolyze ATP and ADP into AMP. For example, a possible CD39mediated modulatory role in adhesion could be proposed. Although CD39 is not considered as an adhesion molecule per se, 65 it is thought to intervene in cell-to-cell adhesion via a regulatory process. More precisely, cell adhesion molecules (CAMs) can be phosphorylated by ectoprotein kinases, which use extracellular ATP as substrate. CD39, by regulating ATP levels, could influence ectokinase(s) activity via substrate concentration and hence, CAM activity. 66 We are currently investigating whether virally embedded host CD39 can affect HIV-1 biology in various experimental cell systems due to changes in activity of CAMs that are acquired by virions and/or located onto the target cell surface.
It can be proposed that virus-associated host CD39 can have an indirect effect on virus production and HIV-1 pathogenesis under in vivo situations through regulation of the immune activation status. For example, cytotoxic T lymphocytes exhibit high levels of ecto-ATPase activity that protects them from the lytic effects of high concentrations of extracellular ATP, 67 but is necessary also for their cytotoxic activity. 68 Hydrolysis of extracellular ATP by ecto-ATPases has been shown to be essential for activation and proliferation of lymphocytes. 69 In addition, hydrolysis of extracellular ATP is considered as an essential step in calcium mobilization mediated by T cell receptor and Fc-gamma receptor signalling in cytotoxic T lymphocytes and NK cells. 70, 71 These observations suggest that ecto-ATPase has an obligatory role in calcium influx and hence in many effector functions of T, B and NK cells. Importantly, this effect is not related to the extracellular levels of ADP and AMP. Since CD39 has not been shown to deliver any intracellular signal and does not act as a receptor, its putative role rather resides in its ability to regulate extracellular ATP, ADP and adenosine levels, or (less likely) in providing inorganic phosphate that could be taken up by the cell, transformed into ATP and used by intracellular kinases. Also, it has been shown that the αβ-T cell receptor ectodomain can be phosphorylated at the cell surface by ectokinases expressed on T lymphocytes, a modification that could serve as a potential mechanism for regulating the αβ-T cell receptor-mediated lymphocyte response. 72, 73 This process could very well be influenced by the ATPase activity displayed by virusassociated host CD39.
The most studied physiological function of CD39 is its anti-thrombotic potential. CD39 is indeed a major inhibitor of platelet activation and recruitment. In addition, it has been shown to inhibit platelet reactivity induced by ADP, collagen and thrombin. 25 We demonstrate here that this activity is retained by CD39 when located on the exterior of virions. Importantly, clinical isolates of HIV-1 that were expanded in a physiological environment (i.e. human lymphoid tissue cultured ex vivo) were able to efficiently inhibit ADP-induced platelet aggregation. In vivo, both thrombosis and thrombocytopenia have been associated with HIV/AIDS. 74, 75 Thrombocytopenia, a disorder present in 10% of seropositive patients and in one-third of AIDS patients, is characterized by an accelerated immune-mediated platelet destruction and a decreased production and release of platelets from megacaryocytes. 74, 76 However, severe bleeding is rarely seen in AIDS patients (approximately 8% of thrombocytopenia cases). 76 A putative role for CD39 in these rare cases of bleeding, possibly through an inhibition of platelet aggregation by virions displaying a high concentration of host CD39 on their surface, is a possibility that deserves to be investigated.
In conclusion, we have shown that both laboratory-adapted and clinical isolates of HIV-1 originating from physiologic cellular reservoirs such as tonsil explants can incorporate an active NTPDase1/ CD39 in their envelope. Such CD39-bearing viral particles could act as circulating enzymes, which could affect several physiological processes by influencing local levels of ATP, ADP and adenosine. These findings represent additional evidence of the possible role of host-encoded molecules that are acquired by HIV-1 in the pathogenesis of this debilitating disease.
Materials and Methods

Cells and preparation of tonsil tissue blocks
293T are human embryonic kidney cells that express the simian virus 40 (SV40) large T antigen. These cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml of penicillin G, and 100 μg/ml of streptomycin. PBMCs were isolated by a Ficoll-Hypaque gradient from venous blood samples, and seeded in 75 cm 2 flasks at 1 × 10 6 cells/ml in RPMI 1640 supplemented with 20% FBS, 2 mM glutamine, 100 U/ml of penicillin G and 100 μg/ml of streptomycin. The cells were then stimulated for two days with 1 μg/ml PHA-L (Sigma Chemical Corporation) and 30 U/ml of recombinant IL-2. Human tonsil histocultures were prepared as described. 77 Briefly, human tonsil tissues removed during routine tonsillectomy were received within 5 h of excision. The tonsils were washed thoroughly with medium containing antibiotics and then sectioned into 2-3 mm 2 blocks. The tissue blocks were placed on top of collagen gel sponges in the culture medium at the air-liquid interface and infected the next day with clinical isolates of HIV-1 (see below).
Vectors and antibodies
pNL4-3 is a full-length infectious molecular clone of HIV-1 (a prototypic X4-tropic strain) and was obtained through the NIH AIDS Repository Reagent Program (Germantown, MD). pNL4.3balenv, kindly provided by Dr R. Pomerantz (Thomas Jefferson University, Philadelphia, PA), is a molecular construct in which the NL4-3 env gene is replaced with that of the R5-tropic Bal strain. 78 pCDNA3-CD39 consists of the full-length human CD39 cDNA cloned in the expression vector pCDNA3. 25 A truncated form of CD39 lacking the first 37 amino acid residues, i.e. CD39Δ1-37, 34 was also used in these studies. Unconjugated and biotin-conjugated mouse monoclonal antibodies against CD39 were purchased from Ancell Immunology Research Products (Bayport, MN).
Production of virus stocks
Isogenic virus particles differing only by the absence or the presence of host-encoded CD39 protein in their outer membrane were produced by calcium phosphate transfection of 293T cells as described. 6, 8 The HIV-1 B clade clinical isolates 92HT599 (X4-tropic) and 92US657 (R5-tropic) were obtained through the NIH AIDS Repository Reagent Program. For virus production, PBMCs (5 × 10 6 ) were incubated with each viral strain for 2 h at 37°C in a final volume of 1 ml. Next, cells were washed once with complete RPMI, resuspended at 1 × 10 6 cells/ml in the presence of 30 U/ml of recombinant IL-2, and incubated at 37°C under a 5% CO 2 atmosphere. Cells were resuspended this way after each harvest, which took place at seven days, ten days and 13 days post infection. Harvested culture portions were centrifuged, and virus-containing supernatants were stored frozen at − 85°C. Tonsil tissue blocks cultured ex vivo were infected with HIV-1 (same virus preparations as for PBMCs) that was applied to the top of each tissue block (5 μl of virus-containing supernatant containing 1-2 ng of p24) and left at 37°C under a 5% CO 2 atmosphere. Culture supernatants were harvested and frozen at − 85°C at seven days, ten days and 13 post infection. Fresh medium was added to tonsil cultures on days 7 and 10 after virus infection. To eliminate free p24, each unfrozen virus preparation was processed in Centricon® Plus-20 Biomax-100 filter devices (Millipore Corporation) at 4000g, 4°C, until all the supernatant had been filtered. Then the virus preparation on the membrane was recovered by an additional centrifugation step at 1000g, 4°C, for 1 min. Virion-containing supernatants were filtered through a 0.22 μm pore size cellulose acetate membrane (Millipore Corporation), and aliquots were frozen at −85°C. Virus stocks were normalized for virion content using an in-house sensitive double-antibody sandwich ELISA specific for the major core viral p24 protein. 21 
Optiprep gradients
Virus-containing supernatants from 293T cells were first pelleted by ultracentrifugation at 28,000 rpm for 60 min in a 70Ti rotor. Next, samples were centrifuged in an Optiprep (60% (w/v) iodixanol) velocity gradient, as described. 79 In brief, iodixanol gradients were prepared in distilled/deionized water as 11 steps in 1.2% increments ranging from 6-18%. Samples were layered on top of the gradient in an Optiseal tube (Beckman Coulter), and centrifuged using an Optima L-90K apparatus for 75 min at 52,000 rpm in an NVT65 rotor. Gradient fractions were collected and stored frozen at 85°C.
Virus capture assay
We used our previously described virus precipitation assay based on the capture of HIV-1 particles using immunomagnetic beads. 80 In brief, commercially available streptavidin-coated magnetic beads (8.4 × 10 6 beads) (Dynal Biotech Inc.) were mixed with 2 μg of biotinylated monoclonal antibodies in a final volume of 1 ml of PBS/ BSA (phosphate-buffered saline plus 10% bovine serum albumin) for 1 h at room temperature on a rocking plate. Immunomagnetic beads were next washed three times in PBS/BSA on a magnet support (Dynal Biotech Inc.) and resuspended in 50 μl of PBS/BSA. HIV-1 (2 ng of p24 for each viral population) was added to the antibodies/beads mixture (50 μl) and the mixture was incubated at 4°C overnight on a rocking plate. Thereafter, immunomagnetic beads were washed four times in 200 μl of PBS/BSA and finally resuspended in 200 μl of PBS/BSA. Viruses captured on magnetic beads were lysed by adding 50 μl of lysis buffer (BS (pH 7.4), 2.5% (v/v) Triton X-100) and incubated for 30 min at room temperature. Magnetic beads were pelleted with a magnetic plate (Dynal Biotech Inc.) and 125 μl of the cleared supernatants were used to estimate the p24 content.
NTPDase assay
Membrane-bound NTPDase activity was determined by measurement of the amount of liberated inorganic phosphate hydrolyzed from exogenous ATP or ADP. To eliminate the phosphate present in the culture medium, virus stocks were first concentrated using Centricon®Plus-20 Biomax-100 filter devices (Millipore Corporation), diluted in wash buffer (15 mM Tris-HCl (pH 7.5), 145 mM NaCl) and then pelleted at 15,000g for 90 min at 4°C. The viral pellet was resuspended in a small volume of reaction buffer (see below). These purified virus stocks were normalized for virion content using the p24 test.
Protein extracts that were used as controls were prepared by calcium phosphate transfection of 293T cells with the pcDNA3-CD39 expression vector or the pcDNA3 empty control vector. At 48 h post transfection, cells were washed twice with wash buffer and then stripped using 20 mM Tris-HCl (pH 7.6) 50 mM NaCl. Cells were disrupted by 20 strokes in a glass Dounce homogenizer, cell debris was pelleted by centrifugation at 3000 rpm for 5 min at 4°C, and the supernatant was assayed for protein concentration by the BCA assay (Pierce) and stored at −85°C. The enzymatic activity present in protein extracts or viral stocks was measured at 37°C in 0.5 ml of 80 mM Tris-HCl (pH 7.4) and 5 mM CaCl 2 . 46 Reaction was initiated by adding a substrate (i.e. 0.4 mM ATP or ADP), stopped after 20 min by adding 0.125 ml of malachite green reagent, and the amount of inorganic phosphate released during the hydrolysis of the exogenous nucleotide was determined by measuring absorbance at 610 nm against a standard curve for KH 2 PO 4 . 81 For assays done with fresh, intact cells, NaCl (145 mM final concentration) was added to the incubation medium to maintain isotonicity. In some assays, 10 mM 1-hydroxynaphtalene-3,6 disulfonic acid (BG0 136) (Sigma-Aldrich) was used as an inhibitor of NTPDase activity. 82 
Platelet aggregation assay
Platelet-rich plasma (PRP) was prepared from venous blood anticoagulated with 0.1 volume of 3.2% (w/v) sodium citrate by centrifugation at 300g for 15 min at 22°C. Platelet aggregation measurements were done with a commercially available microtiter plate reader. 83 PRP (200 μl) was incubated with cellular extracts or viruses for 5 min at 37°C in a 96-well flat bottom plate. ADP (10 μM final concentration) was then added to start the aggregation and the plate was immediately placed in the plate reader. The absorbance was measured at room temperature every 60 s for 8 min, with a 30 s shaking (maximal intensity) before each reading. Platelet-poor plasma, obtained by plasma centrifugation at 15,000g for 1 min, was used as a blank for all readings. Aggregation curves were calculated from the mean of triplicate assays.
Western blot analysis
Total 293T cell extracts or concentrated virus preparations were heated at 100°C for 5 min in sample buffer (62 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 9% (v/v) glycerol, 0.002% (w/v) bromophenol blue and 1 mM PMSF and loaded onto SDS/10% (w/v) polyacrylamide gels. After electrophoresis, proteins were transferred to Immobilon PVDF membranes (Millipore Corporation, Bedford, MA). Non-specific sites were blocked by incubation in blocking buffer (Tris-buffered saline containing 0.15% (v/v) Tween-20 and 5% (w/v) non-fat dry milk). The CD39 protein was detected using a commercially available anti-CD39 antibody (1:1000 (v/v) in blocking buffer) followed by a horseradish peroxidase-coupled antimouse antibody. Signals were revealed using the ECL™ Western blotting detection reagent (Amersham, Piscataway, NJ).
Confocal microscopy
To determine the location of HIV-1 or CD39 and colocalization of HIV-1 and CD39, 293T cells grown on coverslips and cotransfected with pNL4-3 and a vector coding for wild-type (i.e. pCDNA3-CD39) or truncated CD39 (i.e. pCD39Δ1-37) were incubated with biotintagged anti-CD39 antibodies and FITC-conjugated cholera toxin B (CTB) for 30 min on ice followed by incubation with goat anti-CTB to induce raft patching and streptavidin conjugated to Alexa 546 (Molecular Probes, Eugene, OR) for 15 min at 37°C. For detection of HIV-1, cells were permeabilized for 5 min at 37°C with 0.025% (w/v) saponin in PBS. The cells were next incubated with pooled human sera from HIV-1-positive patients for 45 min at 37°C to stain virus proteins, followed by incubation with goat anti-human immunoglobulin secondary antibody conjugated to Alexa 488. After several washes, slides were mounted in SlowFade medium (Molecular Probes, Eugene, OR). Stained cells were visualized by confocal laser scanning microscopy (Fluoview FV300; Olympus, Melville, NY). Digital images were processed with ImageJ (version1.36b). All the images were taken under similar experimental conditions (i.e. exposure time, magnification and intensification).
